Introduction {#s1}
============

Hypertrophic cardiomyopathy (HCM) is a primary disorder characterised by asymmetric thickening of the septum and left ventricular wall. In particular, HCM has a prevalence of 0.2% in the general population.[@R1] HCM is the most common cause of sudden cardiac death in individuals younger than 35 years.[@R2] Left ventricular remodelling with changes in wall thickness and cavity size occurs in a variety of cardiac diseases.[@R3] In the HCM population, about 10% of patients[@R6] [@R7] progress to dilated cardiomyopathy with left ventricular remodelling by end stage HCM, which finally results in severe heart failure. Atrioventricular block (AVB) is a major reason for pacemaker implantation, which occurs when atrial depolarisation fails to reach the ventricles or is conducted with a delay.[@R8] The pathogenesis of HCM remains poorly understood because of multifactorial causes, including hereditary and environmental factors. Familial HCM is inherited mainly as an autosomal-dominant trait and is attributed to mutations of sarcomeric genes. Cardiac β-myosin heavy chain (*MYH7*), cardiac myosin-binding protein C (*MYBPC3*), cardiac troponin T (*TNNT2*) and cardiac troponin I3 (*TNNI3*) together account for more than 75% of all HCM cases.[@R9] Meanwhile, the maternal transmissions of HCM have been implicated in some pedigrees. This suggests that a mutation in mitochondrial DNA (mtDNA) is one of the molecular bases for this disorder.[@R10] [@R11] The first mtDNA point mutation associated with HCM was identified in the gene tRNA^Leu(UUR)^ in 1991.[@R12] Since then, several mutations have been reported to be associated with HCM.[@R11] Our recent report showed that a mitochondrial *ND5* 12338T\>C variant is associated with maternally inherited HCM in a Chinese pedigree.[@R13] In HCM, the pathogenesis mtDNA include mitochondrial tRNAs and protein encoding genes, while mutations in mitochondrial rRNAs have rarely been reported. Meanwhile, the molecular pathogenesis of HCM in the Chinese population remains poorly understood.

In continued efforts to understand the role of the mitochondrial genome in the pathogenesis of HCM in the Chinese population, a systematic and extended mutational screening of mtDNA has been initiated in HCM subjects at the Cardiovascular Clinic in the First Affiliated Hospital, Zhejiang University School of Medicine, China. In the present study, we performed the clinical, genetic and molecular characterisation of a Han Chinese family with maternally inherited HCM. In this family, all (4/4) maternal members were affected with HCM combined with AVB, which is a rare phenomenon in the HCM population. Mutational analysis of the mitochondrial genome identified a novel homoplasmic 16S rRNA 2336T\>C mutation, which presented exclusively in all the maternal members of this family. The 2336T\>C mutation was evaluated by phylogenetic analysis, structure--function relationships and allelic frequency in control individuals. Furthermore, functional assays of the 2336T\>C mutation were conducted through determination of mitochondrial oxygen consumption capacity, mitochondrial ATP synthesis and reactive oxidative species (ROS) production in lymphoblastoid cell lines derived from the maternal members carrying this mutation as compared with the controls. Mitochondrial ultrastructure was also observed by electron microscopy. The results indicated a mitochondrial defect in cell lines derived from maternal members.

Materials and methods {#s2}
=====================

Subjects {#s2a}
--------

We ascertained a Chinese family ([figure 1](#JMEDGENET2013101818F1){ref-type="fig"}) through the Cardiovascular Clinic in the First Affiliated Hospital, Zhejiang University School of Medicine, China. Informed consent, blood, urine (epithelial-like cells detached from tubules), hair follicle and oral epithelium samples, and clinical evaluations were obtained from all of the participating family members. All protocols were approved by the Ethics Committee of the First Affiliated Hospital, Zhejiang University School of Medicine, China. Members of this pedigree were interviewed and evaluated to identify both personal or medical histories of HCM and other clinical abnormalities. The 350 control individuals with matched age and sex were recruited from a panel of unaffected, genetically unrelated Han Chinese individuals in the same region.

![The Chinese pedigree with hypertrophic cardiomyopathy. Affected individuals are indicated by the filled symbols. The arrowhead denotes the proband.](jmedgenet-2013-101818f01){#JMEDGENET2013101818F1}

Clinical evaluations {#s2b}
--------------------

Evaluations of the proband III-3 and relatives were taken with different methods of assessment, including medical history, physical examination and laboratory tests (routine urine and blood test and lactic acid samples from whole venous blood). M-mode two-dimensional and Doppler echocardiography (ECHO) (PHILIPS, SONOS 5500) and 12-lead ECG (Beijing FUTIAN, FX-3010) analysis were also conducted as described previously.[@R14]

The clinical diagnosis of HCM was based on echo by demonstrating an unexplained left ventricular hypertrophy, that is, maximum LV wall thickness (MLVWT) ≥13 mm and typically asymmetric in distribution (IVS/left posterior wall thickness (LPW) ≥ 1.3).[@R8] [@R19] Subjects with hypertrophy from other cardiovascular disease (eg, hypertension or aortic stenosis) or systemic disease were excluded. The definition of non-obstructive HCM was left ventricular outflow tract gradient (LVOTG) at rest \<30 mm Hg.[@R20]

Mutational analysis of the mitochondrial genome {#s2c}
-----------------------------------------------

Genomic DNA was isolated from the whole blood of participants using a TaKaRa Blood Genome DNA Extraction Kit (TaKaRa Biotechnology). The entire mtDNA of the proband (III-3) and his mother (II-1), uncle (II-3) and brother (III-1) were PCR amplified and sequenced in 24 overlapping fragments as described elsewhere.[@R21] [@R22] The resultant sequence data were compared with the revised Cambridge reference sequence (GenBank accession no. NC_001807).[@R23] The published data on <http://www.mtdb.igp.uu.se/> were used to determine the allelic frequency of the identified variants.

The 16S rRNA 2336T\>C mutation was also screened in 350 control individuals recruited from the same geographical region as the patients. To screen for the 16S rRNA 2336T\>C mutation, we synthesised a mismatched sense primer with 33 nt random sequence at the 5′ end: ggtgacactatagaatactcaagctatgcatcaTAACATGAAAACATTCTCCT**GT**GCA (nt 2311-2335), with an antisense primer GTGTTGGGTTGACAGTGAGGGTAAT(nt 2409-2433). The CC2331-2332GT mismatched primer, in combination with the 2336T\>C mutation, created an *Alw441* restriction enzyme site. The PCR segments (156 bp) around 2336T\>C mutation were amplified with mtDNA as template and subsequently digested with the restriction enzyme *Alw441*. Digested PCR products and undigested PCR products were then analysed by electrophoresis on a 2% agarose gel stained with ethidium bromide to determine whether the 2336T\>C mutation was present in these subjects.

To further examine the presence and degree of the 16S rRNA 2336T\>C mutation in different tissues, genomic DNA was extracted from peripheral blood, urine (epithelial-like cells detached from tubules), hair follicle and oral epithelium derived from the maternal members of this family, and a more sensitive experiment involving pyrosequencing technology was performed as described elsewhere.[@R24]

Phylogenetic analysis {#s2d}
---------------------

For interspecific analysis of those variants identified, a total of 17 mitochondrial sequences were used as described elsewhere.[@R21] The conservation index (CI) was calculated by comparing the human nucleotide variants with the other 16 species. The CI was then defined as the percentage of species harbouring the wild-type nucleotide at that position from the list of 17 different vertebrate species.

Structural analysis {#s2e}
-------------------

The published secondary structures for the 16S rRNA were used to define the stem and loop structure.[@R25] [@R26] The secondary structure of the 16S rRNA 2336T\>C mutation was predicted by using the RnaViz program.[@R27]

Mutational analysis of nuclear genes {#s2f}
------------------------------------

In order to determine the contribution of nuclear gene mutations in the pathogenesis of HCM in this family, four common known genes for HCM,[@R9] including *MYH7*, *MYBPC3*, *TNNT2* and *TNNI3*, were evaluated as described previously using PCR DNA sequencing.[@R28] The sequence results were compared with the genomic sequence of *MYH7* (GenBank accession no. NG_007884), *MYBPC3* (GenBank accession no. NG_007667), *TNNT2* (GenBank accession no. NC_000001.10) and *TNNI3* (GenBank accession no. NC_000019.9).

Cell lines and culture conditions {#s2g}
---------------------------------

Lymphoblastoid cell lines were immortalised by transformation with the Epstein--Barr virus as described elsewhere.[@R31] Cell lines derived from affected individuals (II-1, II-3, III-1 and III-3) and controls with the same haplogroup M were grown in RPMI 1640 (Invitrogen), supplemented with 10% fetal bovine serum (FBS, Hyclone) and 0.11 mg/mL pyruvate. 143B was grown in DMEM (Gibco) supplemented with 10% FBS.

Oxygen consumption measurements {#s2h}
-------------------------------

The oxygen consumption rate (OCR) in intact cells was determined with Seahorse Bioscience XF96 extracellular flux analyzer (Seahorse Bioscience). All determinations were performed in triplicate. Normalisation to total protein content after an XF96-style experiment was conducted for proper interpretation of experimental results as described by Dranka *et al*.[@R32]

ATP measurements {#s2i}
----------------

The ATP level in cells was measured using the ATP Bioluminescence Assay kit HS II (Roche Applied Science) according to the manufacturer\'s instructions. In brief, samples of 1×10^6^ cells were incubated for 2 h in 1 mL record solution (156 mM NaCl, 3 mM KCl, 2 mM MgSO~4~, 1.25 mM KH~2~PO~4~, 2 mM CaCl~2~, 20 mM HEPES, pH 7.35) with either 10 mM glucose (total ATP production) or 5 mM 2-deoxy-[d]{.smallcaps}-glucose (2-DG) plus 5 mM pyruvate (oxidative ATP production). Cells were lysed in lysis buffer (100 mM Tris, 4 mM EDTA, pH7.75) and incubated for 5 min at 100°C. Samples were measured with BioTek Synergy H1 Hybrid Reader.

ROS measurements {#s2j}
----------------

ROS measurements were performed as described by Wang *et al*.[@R33] Briefly, 2×10^6^ cells were harvested and then suspended in phosphate buffered saline (PBS) supplemented with 10 μM of 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA). After incubation in culture chamber (37°C, 5% CO~2~) for 20 min, cells were washed, resuspended in PBS or PBS supplemented with 50 ug/mL H~2~O~2~ and incubated at room temperature for another 30 min. Finally, cells with or without stimulation by H~2~O~2~ were analysed, with an excitation at 488 nm and emission at 529 nm.

Electron microscopy {#s2k}
-------------------

0.5--1 × 10^7^ cells derived from four patients of this family and control individuals were collected and fixed for electron microscopic analysis as described elsewhere.[@R34]

Results {#s3}
=======

Clinical presentation {#s3a}
---------------------

As shown in [figure 1](#JMEDGENET2013101818F1){ref-type="fig"}, all (4/4) of the maternal members are affected with HCM, in which maternally transmitted HCM is suggested. The clinical characteristics of the present 10 members (five men/five women) of this family are illustrated in [table 1](#JMEDGENET2013101818TB1){ref-type="table"}. The ECHOs of the individuals affected with HCM are shown in [figure 2](#JMEDGENET2013101818F2){ref-type="fig"}. All the maternal members (4/4) were affected with non-obstructive HCM and implanted permanent pacemaker due to complete atrioventicular block (III^O^ AVB). As shown in [table1](#JMEDGENET2013101818TB1){ref-type="table"}, the MLVWT of the maternal members in this family ranged from 26.8 to 46.6 mm, with mean value of 37.4 mm, which is significantly thicker than the mean value of 9.03 mm in non-maternal members (p\<0.02). In addition, there was no significant difference in the LPW between maternal and non-maternal members. However, the average IVS (33.8 mm) in maternal members was significantly higher than those in non-maternal members (with p\<0.02), which finally resulted in asymmetric hypertrophy (IVS/LPW ≥ 1.3). Notably, complete penetrance of AVB was exhibited in this family, which finally led to permanent pacemaker implantation. Furthermore, no neuromuscular deficits were identified after a sufficient neuromuscular system examination by a specialist in neurology. The lactic acid in whole venous blood, the blood and urine routine test turned out to be normal.

###### 

Summary of clinical data for members of the Chinese pedigree with HCM

  Patient                Sex   Age (years)   BP (mm Hg)   ECHO     ECG rhythm                                       
  ---------------------- ----- ------------- ------------ -------- ------------ ------ ------ ------ ------ ------- ---------------
  Maternal members                                                                                                  
   II-1                  F     59            45           125/68   26.8         23.1   7.2    3.21   57.5   28.2    Pacing
   II-3                  M     49            37           115/78   38.7         36.9   12.6   2.93   74.6   43.41   AF and Pacing
   III-1                 M     38            32           120/75   46.6         46.6   16.3   2.86   61.8   38.64   AF and Pacing
   III-3                 M     32            29           110/70   37.4         28.7   7.2    3.99   43     39.95   Pacing
  Non-maternal members                                                                                              
   II-2                  M     57            --           155/85   10.2         10.2   8.7    1.17   72.4   ND      Sinus
   II-4                  F     48            --           110/70   9.6          9.6    7.9    1.22   77.2   ND      Sinus
   III-2                 F     30            --           100/70   9.5          9.5    8.0    1.19   76.6   ND      Sinus
   III-4                 F     31            --           115/60   8.5          8.5    6.9    1.23   78.5   ND      Sinus
   IV-1                  F     13            --           93/62    8.2          8.2    6.4    1.28   75     ND      Sinus
   IV-2                  M     8             --           84/58    8.2          8.2    7.3    1.12   72     ND      Sinus

AF, atrial fibrillation; BP, blood pressure; ECHO, echocardiography; EF, ejection fraction; F, female; HCM, hypertrophic cardiomyopathy; IVS, interventricular septum thickness; LPW, left posterior wall thickness; LAVI, left atrial volume index; M, male; MLVWT, maximum left ventricular wall thickness; ND, not done.

![Two-dimensional echocardiogram showing severe thickened left ventricular wall of the maternal members of the Chinese pedigree. Echocardiographic long-axis view (A1--A4) and short-axis view (B1--B4) reveal the thickened left ventricular walls of the maternal members (II-1, II-3, III-1 and III-3). The arrow indicates the thickened left ventricular walls. Apical four-chamber view (A5) and short-axis view (B5) reveal the normal heart of the control.](jmedgenet-2013-101818f02){#JMEDGENET2013101818F2}

The proband\'s grandmother (I-2) died from gastric cancer at the age of 40. At present, his grandfather (I-1) is 88 years old and without any notable clinical abnormality. Furthermore, the non-maternal members of this family underwent the same clinical examinations as the maternal members, all having normal ECHO and ECG. Medical history, physical examination and laboratory tests showed that none of the participants, except the proband\'s father (II-2), showed any other clinical abnormalities. The proband\'s father (II-2) had hypertension (155/85 mm Hg).

In addition to the complete penetrance of AVB, left ventricular remodelling was also observed in the proband (III-3) ([table 2](#JMEDGENET2013101818TB2){ref-type="table"}). From October 2007 to April 2012, his LPW regressed about 68% at a rate of 3.3 mm/year. His IVS exhibited local thinning, while the maximum thickness of IVS remained stable. The left ventricular remodelling included LPW thinning and local thinning of IVS and resulted in the enlargement of the ventricular chamber. Accompanied by the LV wall thinning, this left ventricular end-diastolic diameter (LVEDD) increased by about 45% (from 50.4 mm in 2007 to 73 mm in 2012) at a rate of 4.52 mm/year, and the left ventricular ejection fraction (LVEF) decreased substantially from 50% in February 2010 to 32% in April 2012, which suggested the progression of HCM to dilated cardiomyopathy in the proband. Due to congestive heart failure and ventricular systolic asynchrony, he received cardiac resynchronisation and implantable cardioverter defibrillator therapy.

###### 

Left ventricular remodelling in the proband from 2007 to 2012

                   October 2007   March 2009   February 2010   December 2010   April 2012
  ---------------- -------------- ------------ --------------- --------------- ------------
  LPW (mm)         24.4           15.7         8.3             7.2             7.9
  IVS (mm)         23.8           24.7         28.0            28.7            26.5
  IVS/ LPW         0.98           1.57         3.37            3.99            3.35
  LVOTG (mm Hg)    7.8            3.46         2.65            2.76            2.9
  LVEDD (mm)       50.4           53.7         61.0            68.2            73.0
  LVEF (%)         50             51.8         50              43              32.0
  LAVI (mL/m^2^)   Normal         ND           41.4            39.95           56.3

IVS, interventricular septum thickness; LPW, left posterior wall thickness; LAVI, left atrial volume index; LVEDD, left ventricular end-diastolic diameter; LVEF, left ventricular ejection fraction; LVOTG, left ventricular outflow tract gradient; ND, not done.

Mitochondrial DNA analysis {#s3b}
--------------------------

The maternal transmission of HCM in this family suggested the mitochondrial involvement and led us to analyse the mtDNA of the maternal members. The sequencing of the entire mtDNA of the proband III-3 and II-1, II-3 and III-1 identified 40 nucleotide changes associated with haplogroup M7c1d (see online supplementary table S1**)**. These variants in RNAs and polypeptides were further analysed by allelic frequency in control individuals according to the data published on <http://www.mtdb.igp.uu.se/> and according to phylogenetic analysis encompassing 17 vertebrate species. The 16S rRNA 2336T\>C mutation was identified. The 16S rRNA 2336T\>C mutation, with high CI of 16/17, seems novel and highly conserved during evolution (see online supplementary figure S1). Allelic frequency analysis showed that the 2336T\>C mutation was absent in the 2704 controls (<http://www.genpat.uu.se/mtDB>). In addition, the 2336T\>C mutation was also absent in 350 age-matched and sex-matched Chinese control individuals with normal heart from the same region.

Partial sequence chromatograms of the 16S rRNA gene from the proband and control are shown in [figure 3](#JMEDGENET2013101818F3){ref-type="fig"}A. Pyrosequencing analysis indicated that the 16S rRNA 2336T\>C mutation was homoplasmic in blood, urine (epithelial-like cells detached from tubules), hair follicles and the oral epithelium of the proband (III-3) ([figure 3](#JMEDGENET2013101818F3){ref-type="fig"}C), as well as in II-1, II-3 and III-1 (see online supplementary figure S2). As shown in [figure 3](#JMEDGENET2013101818F3){ref-type="fig"}B, this mutation disturbs the 2336U-A2438 base pair in the stem--loop structure of 16S rRNA domain III, which has been proposed to be involved in the assembly of the mitochondrial ribosome.

![Identification and quantification of the 2336T\>C mutation in the mitochondrial 16S rRNA gene. (A) Partial sequence chromatograms of the 16S rRNA gene from the proband (III-3) and a Chinese control individual. The arrows indicate the location of the base change at position 2336. (B) The location of the mitochondrial 16S rRNA 2336T\>C mutation. (C) Quantification of 2336T\>C mutation by pyrosequencing in the different tissues of the proband (III-3). The boxes show the AQ value obtained for the allele.](jmedgenet-2013-101818f03){#JMEDGENET2013101818F3}

Nuclear genes analysis {#s3c}
----------------------

The PCR amplification and sequence analysis of DNA fragments spanning 39 exons of *MYH7*, 35 exons of *MYBPC3*, 17 exons of *TNNT2* and 8 exons of *TNNI3* and their flanking sequences were performed using DNA samples from four affected individuals of the Chinese family. However, we failed to identify the potential pathogenic mutations.

Mitochondrial dysfunction in the mutant lymphoblastoid cell lines {#s3d}
-----------------------------------------------------------------

The respiration capacity of mutant cell lines carrying the 2336T\>C mutation and control cell lines was measured by determining the OCR in intact cells with Seahorse XF96. As shown in [figure 4](#JMEDGENET2013101818F4){ref-type="fig"}A, the rate of total OCR in the mutant cell lines derived from affected individuals of this family (II-1, II-3, III-1 and III-3) had decreased significantly, with about a 37% reduction relative to controls with the same haplogroup M. Meanwhile, cells were cultured with glucose or under conditions that support only mitochondrial ATP synthesis (2-deoxy-[d]{.smallcaps}-glucose with pyruvate, 2DG+pyr). The mutant cell lines maintained similar levels of total ATP in glucose media with the controls. However, under oxidative conditions in the presence of 2DG+pyr, ATP levels were significantly reduced in mutant cell lines. As shown in [figure 4](#JMEDGENET2013101818F4){ref-type="fig"}B, the relative mitochondrial ATP production (2DG+pyr/glucose) is 30.7% in the controls while 21.5% in the mutant cell lines. Furthermore, abnormal ROS level was also present in mutant cell lines without stimulation of H~2~O~2~. As indicated in [figure 4](#JMEDGENET2013101818F4){ref-type="fig"}C, the ROS production in mutant cell lines is 1.68 relative to 143B cell, which is significantly higher than that in the controls (1.1). Therefore, it is suggested that the 16S rRNA 2336T\>C mutation results in mitochondrial oxidative phosphorylation defect.

![Determination of mitochondrial function. The 143B cell line was used as a control. The average of three determinations for each cell line is shown. (A) The oxygen consumption rate of the mutant lymphoblastoid cell lines derived from the maternal members (II-1, II-3, III-1 and III-3) of this Han Chinese family and three control individuals (C-1, C-2 and C-3) was determined with Seahorse Bioscience XF96 extracellular flux analyzer (Seahorse Bioscience). (B) The ATP level in mutant and control cell lines was measured with either 10 mM glucose (total ATP production) or 5 mM 2-deoxy-[d]{.smallcaps}-glucose (2-DG) plus 5 mM pyruvate (oxidative ATP production), and the relative mitochondrial ATP synthesis was defined as the ratio of oxidative ATP production to total ATP production (2DG+pyr/glucose). (C) The rates of reactive oxidative species production in mutant and control cell lines were analysed. The relative fluorescence intensity without stimulation of H~2~O~2~ was calculated in relation to 143B.](jmedgenet-2013-101818f04){#JMEDGENET2013101818F4}

Electron microscopic analysis of mitochondria {#s3e}
---------------------------------------------

Lymphoblastoid cells derived from affected individuals (II-1, II-3, III-1 and III-3) and control individuals were collected for electron microscopic analysis. And the mutant cells from four affected individuals demonstrated abnormal mitochondrial number and ultrastructure compared with the controls. The microscopic results of the proband (III-3) and one control individual (C-2) are shown in [figure 5](#JMEDGENET2013101818F5){ref-type="fig"}. The number of mitochondria in cells appeared greater for the proband ([figure 5](#JMEDGENET2013101818F5){ref-type="fig"}C) than for those in the control ([figure 5](#JMEDGENET2013101818F5){ref-type="fig"}A). Mitochondria with circular appearance and well-defined cristae were seen in the control ([figure 5](#JMEDGENET2013101818F5){ref-type="fig"}B), while the proband demonstrated extremely elongated mitochondria and mitochondria with disorganised and fragmented cristae ([figure 5](#JMEDGENET2013101818F5){ref-type="fig"}D).

![Electron microscopic analysis of mitochondria in lymphoblastoid cell lines derived from the proband (III-3) and a control individual (C-2). (A, B) Representative electron micrographs of cells from the control. Magnification: 6200× (A) or 39000× (B). (C, D) Representative electron micrographs of cells from the proband. Magnification: 3700× (A) or 39000× (B). The rectangles show the mitochondria in cells, and the arrows indicate the mitochondrial cristae.](jmedgenet-2013-101818f05){#JMEDGENET2013101818F5}

Discussion {#s4}
==========

In the present study, we performed the clinical, genetic and molecular characterisation of a Han Chinese family with maternally inherited HCM. In the general HCM population, mostly with affected sarcomeric proteins, MLVWT shows a particularly wide range from 16.7  to 26.6 mm with mean LV wall thickness of 21.2 mm, and IVS/LPW from 1.7 to 2.8 with a mean value of 2.4.[@R35] In our study, the MLVWT of the affected family ranges from 26.8 to 46.6 mm with a mean value of 37.4 mm, and IVS/LPW from 2.86 to 3.99 with a mean value of 3.25, which are significantly higher than those in the general HCM population. Meanwhile, the left ventricular outflow tract obstruction occurs in approximately 25% of the general HCM patients while rarely presenting in HCM associated with mtDNA mutations. This observation remains consistent with the results of our study. No neuromuscular deficits were identified after a sufficient neuromuscular system examination by a specialist in neurology, which might be due to the tissue-specific character of the mitochondrial disease.[@R36] [@R37] It is worth mentioning that the left ventricular remodelling that finally resulted in the progression of HCM to dilated cardiomyopathy was also observed in the proband.[@R38] Furthermore, AVB, one of the conduction system defects, finally leading to the requirement of permanent pacemaker implantation, was represented with 100% penetrance in our study. This is a rare phenomenon in the general HCM population. AV block has an unknown or idiopathic cause, but familial clustering has been noted, and published pedigrees show an autosomal-dominant inheritance. Some individuals with AV conduction disease have a health history or family history of other forms of cardiovascular disease in the young, including cardiomyopathy. The genetic significance of these associations is not completely understood, but such findings are not unanticipated given the common origin of the specialised conduction system elements and the working myocardium. Therefore, the identification of mtDNA mutations that can cause these disorders could provide important information on their pathogenesis.

To identify putative deleterious mutations, 40 variants (2 novel and 38 known) identified in the proband III-3 and II-1, II-3 and III-1 were further evaluated according to the following three criteria[@R39]: (1) absence in the 2704 controls, (2) CI is \>78% and (3) potential structural and functional alterations. On this basis, the novel 16S rRNA 2336T\>C mutation was identified. In contrast to tRNAs and protein encoding genes, mitochondrial rRNAs are relatively less involved in the pathogenesis of cardiovascular diseases.[@R40] [@R41] This is the first report of a mitochondrial 16S rRNA mutation involved in HCM. HCM is mainly attributed to mutations of nuclear sarcomeric genes, in which *MYH7*, *MYBPC3*, *TNNT2* and *TNNI3* are the four most common known genes accounting for 35--50%, 20--25%, ∼20% and ∼5% of all HCM cases, respectively. In our study, the *MYH7*, *MYBPC3*, *TNNT2* and *TNNI3* were screened, and no potential pathogenic mutation was identified.

For further confirmation, the 2336T\>C mutation was also screened for in 350 control individuals from the same region as the patients, and no such mutations were found. The 2336T\>C mutation in different tissues including peripheral blood, urine (epithelial-like cells detached from tubules),[@R42] hair follicle and oral epithelium of the proband, as well as in other affected individuals of this family, turned out to be homoplasmic. Peripheral blood and urine (epithelial-like cells detached from tubules) developed from mesoderm during differentiation and had the same origin as the cardiovascular system, indicating that the 2336T\>C mutation might be homoplasmic in the myocardial cells.

The 2336T\>C mutation disturbs the 2336U-A2438 base pair in the stem--loop structure of the 16S rRNA domain III, which is thought to interact with ribosomal proteins L19, L23 and L34 and play a role in the assembly of the mitochondrial ribosome.[@R26] Galmiche *et al*[@R43] reported that a mutation (P317R) in the large mitochondrial ribosomal protein MRPL3 altered ribosome assembly and caused a mitochondrial translation deficiency, resulting in an abnormal assembly of several complexes of the respiratory chain, and contributed to the pathogenesis of HCM. In our study, the 16S rRNA 2336T\>C mutation appears to be responsible for the reduced OCR of the mitochondrial respiration chain. Subsequently, these defects resulted in a reduction in mitochondrial ATP production and an increase in ROS production. The mitochondrial dysfunction may contribute to the pathogenesis of HCM in this family.

HCM is closely associated with the reduction of ATP yield or utilisation. The high-energy demand of the myocardium requires an ample and secure supply of ATP for its contractile and other metabolic activities, mainly derived from mitochondrial OXPHOS.[@R44] The major finding of the present study is that myocardial contraction and relaxation reserves are related to mitochondrial function. Meanwhile, pathological mtDNA mutations have been associated with ultrastructurally abnormal mitochondria, and these defects have been shown to contribute to the pathogenesis of congestive heart failure complicating HCM.[@R45] Furthermore, mitochondrial cristae shape has also been reported to determine respiratory chain supercomplexes assembly and respiratory efficiency.[@R46] In our study, the microscopic observations of lymphoblastoid cells indicated that both the number and the size of mitochondria were increased in the patients than those in the controls, which support the hypothesis of energy compromise as a critical factor in the pathogenesis of HCM.[@R47] In addition, abnormal mitochondrial cristae shape was also frequently present in the patients. These observations may be related to impaired mitochondrial function in cell lines carrying the 2336T\>C mutation.

Therefore, the present results reveal that the 16S rRNA 2336T\>C mutation was one of the primary factors in the pathogenesis of HCM when combined with AVB. Meanwhile, other factors, including nuclear modifier genes, environmental factors and personal lifestyles, could not be excluded considering the heteroplasmic clinical presentations of the affected individuals in this family. However, limitations of our study should be pointed out. As the myocardial tissue was inaccessible, we used immortalised lymphoblastoid cell line derived from HCM patients as a research model, which could not provide direct evidence for the impact of the 16S rRNA 2336T\>C mutation on the function of myocardial cells. Currently, patient-specific-induced pluripotent stem cells and differentiated cells derived from them are attracting increasing attention to elucidate the mechanisms underlying HCM development,[@R48] especially for cases with mitochondrial DNA mutations.[@R49] [@R50] Such efforts are in progress in our laboratory. In conclusion, this is the first report of mitochondrial 16S rRNA 2336T\>C mutation and an association with maternally inherited HCM combined with AVB. Our findings provide a new insight into the pathogenesis of HCM.
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